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Abstract 
BIH-LIAN HUANG 
Under the supervision of Dr. William Jensen 
The structures of 1) N,N'-b~s-cyclohexyl-2,2,4,4-tetramethylcyclo­
butane-1,3-di-imine and 2) liJ-dibromo-1,3-diphenyl-2-propanone have 
been resolved by X-ray single crysta·l studies. 3) Dichloro-bis 
{bipyridyl )copper(O) has also been studied, but the structure has not 
been resolved. The space group of all three compounds is P211n. The 
0 0 0 
lattice parameters are: 1) a=9.871(5)A, b=l5.879(9)A, c=6.246{3)A, 
0 0 0 
s=81.12(4) 0 ; 2) a=l3.357A, b=l9.031A, c=5.585A, {3=100.157°; 
0 0 0 
3) a=8.573A, b=l7.94A, c=7.286A, 8=110.98°. Density measurements 
indicated 2 molecules per unit cell for the first and the third 
compounds while that of the second indicated 4 molecules per unit cell. 
The structure of the first compound was solved by the direct 
method, MULTAN, as the initial sign determination process. The bromine 
atoms of the second compound and the copper atom as well as the chlorine 
atoms of the third compound were located from Patterson maps. All non-
·hydrogen atoms of the first two compounds were anisotropically refined 
by the block-diagonal least-squares methods. The final R factors are 
0.126 and 0.111. The final Rw factors are 0.172 and 0.136. 
The X-ray single crystal study of the first compound shows that it 
exists in the trans-configuration in the crystalline state and the cyclohexane 
rings are in the chair form. The plates form of the third compound shows 
that it is the meso or~'~ isomer, and the two carbon-bromine bond 
distances are unequal and longer than the normal carbon-bromine bond 
distance (N1.95). 
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INTRODUCTION 
X-ray diffraction methods frequently give unequivocal answers about 
structure in the solid state. Single-crystal X-ray diffraction methods 
have been used for structure determination since the 1930's. The 
primary aim of a crystal structure analysis by X-ray diffraction is to 
obtain a detailed picture of the contents of the crystal at the atomic 
level. Once this information is available, and the positions of the 
individual atoms are known precisely, one can calculate interatomic 
dist~nces, bond angles, and other features of the molecular geometry 
that are of interest, such as the planarity of a particular group of 
atoms, the angles between planes, and torsion angles around bonds. 
Three compounds which are dichloro-bis(bipyridyl)copper(O), 
N,N'-bis-cyclohexyl-2,~;4,4-tetramet~lylcyclobutane-1,3-di-imine, and 
1,3-dibromo-1,3-diphenyl-2-propanone are discussed in this thesis. 
The bromination of 1,3-diphenyl-2-propanone(l) yields two isomeric 
1,3-dibromo-1,3-diphenyl-2-propanones which have been separated into 
needle and plate forms. These two isomers provide an interesting means 
of studying the conformations around the 1,2-bond and the 2,3-bond. The 
meso isomer was studied in this thesis. 
In recent years the crystal structures of 2,2,4,4-tetra-methyl-
cyclobutane-1,3-dione(2) (I) a.ad the corresponding dithione( 3) (II) 
and N~'-bis-P-bromophenyl-2,2,4,4-tetramethylcyclobutane-1,3-di-imine( 4 ) 
(III) have been reported. The imine, (IV), is structurally similar to 
(I), (II), and (III) and its structure determination should provide 
information as to the planarity of the four membered ring system as well 
as aid in the interpretation of the 
compound. 
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For the compounds Cu(chelate) 2x2, [Cu(chelate) 2X]Y, and 
[Cu(chelate) 2R]Y2 (where X= an anion; R =a unidentate neutral ligand; 
and Y - C104,PF6) a five coordinate, essentially trigonal bipyramida1 
structure (V) has been assigned to the cations.(S),(B),(lO),(ll) 
This assignment was based on a great deal of physicochemical data,( 7) 
relating both the solid state and solution structure in non-aqueous 
solvents such as nitromethane and nitrobenzene; and was first proven 
2 
in the case of [Cu(bipy) 2I]I by a full X-ray crystallographic study. (S), 
(B) But more recently, both octahedral coordination with three 
bidentate 1igands(6) and tetrahedral geometry for the CuN4 polyhedron 
{g),(l 2) (which was based on Cu(chelate) 2x2 type compounds) have been 
reported. Again, it is of interest to look at the geometry of this 
copper (II) complex and to investigate differences among the above 
referenced complexes. 
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HISTORICAL 
Basic Theory 
The portion of the electromagnetic spectrum which lies between 
ultraviolet light and gamma radiation is calied the X-ray region. To 
generate X-rays, electrons are accelerated by an electric field and 
directed against a metal target, which slows them rapidly by multiple 
collisions, and the electrons belonging to atoms in the metal target 
are dislodged. Electrons from higher energy levels replace the vacated 
orbitals, with a subsequent loss of potential energy. The decrease in 
potential energy appears as a continuous radiation which is usually 
referred to as "white radiation... It has two sharp X-ray peaks 
designated as K and K (lJ) These monochromatic peaks are intense 
. a a· 
and their wavelength depends on the metal target. 
The most intense radiation is caused by an electron going from an 
L shell to a K shell. It is a close doublet because of the closeness 
in energy of the two types of electrons in the L shell. The two 
radiations are given the symbols K 1 ar,d K 2 and together are called K-. a a a 
3 
X-rays are reflected by a crystal according to the Bragg equation 
which is:< 14 ) 
2dSine=n). [1] 
4 
The term, A is the wavelength of the X-ray, d is the . spacing between 
planes of atoms in the crystal, and e is the incident angle. The incident 
angle is determined by planes as well as their orientation. 
Miller indexes are used to catalogue reflected X-rays. In general, 
h, k, and 1 describe the planes that are present in the crystal. The 
letters h, k, and 1 are the s~bols· used for Miller indices and correspond 
to whole number ratios of the lattice constants a, b, and c, which are 
needed to intercept sets of parallel planes in the crystal lattice. 
The distance between given planes, d, can be found in monoclinic 
crystals using the following equation:(lS) 
2 2 2 
l/d~k1 = [(h 1a2 + 1 lc2 - 2ht Coss/ac)/Sin2s] + k /b2 [2] 
In this equation a, b, and c are lattice constants and the angle B is 
the unique angle between the a and c axis. 
Mathematical Relationships 
From the observed intensity data, one obtains the structure factor, 
F, which is related to the observed intensity data:(lG) 
IFI a II 
values for F may be calculated according to the equation:(l]) 
IF I = J KI 
LP 
Because it is derived from observed intensity data, it is common 
[3] 
[4] 
practice to give this structure factor the symbol F
0 
and call it the 
observed structure factor. I is the intensity of the X-ray beam, and 
K is a proportionality constant. · The L and P terms are the Lorentz and 
5 
polarization factors, respectively, and are basically a simple function 
of the Bragg angle 2e. For a detailed discussion of Lorentz and polari-
zation factors, consult Nuffield.(lB) 
In addition to ~aving . a numerical value, the structure factor must 
have a sign corresponding to -its phase. Unfortun~tely, as defined in 
-equation 4, the term IFI has two values which are numerically equivaient 
with opposite sign. Only one of the signs can be correct. This app~rent 
impasse is known as the phase problem in crystallography. Deterrnination 
of the correct sign is, then, the fundamental problem of crystal 
structure solution~. 
The correct atom positions in the unit cell can be used to calculate 
the magnitude of the structure factor as well as its correct sign, 
which indicates its phase. This structure factor is given the symbol 
Fe and represents the calculated structure factor derived from atom 
positions. 
Fe is calculated from the proposed atom positions according to 
the equation [5]:(lg) 
F = IACos(Xh+Yk+Zt)2n + iEBSin(Xh+Yk+Zt)2n 
e 
[5] 
The letters X, Y, and Z represent atom coordinates in terms of unit cell 
parameters. The summation is over all atom positions in the unit cell. 
A and B are the atomic scattering factors for each individual atom, and 
are basically a function of the reflection angle and the atomic number 
of the atom involved. If all atoms, or most of the atoms, contribute 
to the structure factor in the same phase, the structure factor will 
have a relatively high value. 
The number of electrons per unit volume or electron density at 
any point X, Y, and Z, which expressed in unit cell fractions, 
represented by p{XYZ), is then given the following expression:< 20 ) 
p(XYZ) = ~ EEE F(hki)exp(-2~i(hX+kY+iZ)) 
c all hki 
[6] 
Here Vc is the volume of the unit c~ll and it normalizes tl1e density in 
terms of electrons per cubic angstron. F(hkt) is the structure factur 
for the particular set of indices h, k, and 1. Because of the three 
dimensional periodicity, a triple summation is required. As mentioned 
above, the amplitude of F is easily derived from the intensity of the 
diffracted beam but the phase is not. 
After more atoms have been placed in the structure, it is often 
useful to calculate an electron density map of the unit cell using the 
6 
structure factors. The remaining atoms of a molecule can usually be 
located if the signs of the calculated structure factors and the 
magnitude of the observed structure factors are used to make an electron 
density map. This type of map is called a Fourier synthesis and is 
often used to locate atoms for the model structures. 
If the atomic coordinates in the proposed structure model are the 
same as those in the crystal, the calculated (using equation 5) and 
observed structure factor magnitudes should be the same. Since the 
unavailable experimental errors and incorrectness of assumptions made 
in converting measured intensities to F values and in calculating the 
7 
theoretical atomic scattering factors are involved, no match of F and 
. c 
F
0 
will be perfect. An indication of how well the two agree is calculated 
by the equation:( 22 ) 
[7] 
The R value is commonly called the reliability factor and is an arbitrary 
measure of the correctness of a structure. 
There are many reflections whjch are only slightly above back-
ground, and therefore the accuracy of these reflections is obviously 
questionable . 
To compensate for the inherent error of this type of reflection, 
a weighting scheme is usually developed whereby this type of reflection 
is not counted as heavily as in the calculation of the R factor. A 
number known as the weight, given the symbol W, is calculated for each 
reflection . It is a function of the estimated standard deviation of 
the intensity and must be calculated for every reflection. This R 
factor is then calculated according to the following equation:( 23 ) 
[8] 
Once this R factor is sufficiently low, the structure is said to 
be solved. The atom coordinates may be used to calculate bond lengths, 
bond angles, etc. 
Methods of Solving Structures 
The essential steps involved in a structural solution may be 
8 
classified into two broad areas. The initial step is to obtain the trial 
structure. Many variations are known to accomplish this. The other 
and final step is the refinement ·of the structure. Once the coordinates 
are known approximately, a computer program is used in order to vary the 
positional as well as the thermal parameters in. such a way as to minimize 
the R factor. This procedure does not vary significantly regardless of 
what method is used to obtain the trial structure. 
Both the direct method and an indirect method (Patterson techniques) 
are used in this study. A.L. Patterson developed the method that consists 
of constructing a map of the unit cell which provides useful information 
about the structure . The distances from peaks to the origin, on the 
Patterson map, correspond to the interatomic vectors . The formula used 
is:(24) 
P(XYZ) = ~ EEEjF(hk~)j 2 Cos(2n(hX+kY+~Z)) [9] 
c all 
h,k,i 
The terms on the right are similar to those from the electron density 
function [6]. P is the height of the peak at coordinates X, Y, and Z. 
All vectors between atoms in the molecule can be calculated, and there-
fore a Patterson map is obtained (and a trial structure is obtained). 
A method used quite often in solving a structure by means of the 
Patterson function is called the heavy-atom method. The heavy atom 
contributed significantly to most of the structure factors. Thus by 
finding its position, the signs (phases) of most of the structure 
factors are calculated correctly. The Fourier synthesis is then used 
to reveal the positions of some of the lighter atoms. 
9 
Usually, the heavier an atom the easier it is to locate by means of 
the Patterson and the more it tends to determine the phases (signs) and 
intensities of all the reflections. On the other hand, when the atom is 
very heavy compared to the others in the molecule, its dominance 
becomes too great and the comparison of IF
0
l and IFcl becomes relatively 
insensitive to the positions of the light atoms. In extreme cases, the 
light atoms may not be found at all. A convenient rule of thumb which 
has been used as a guide in the selection of a heavy atom is:< 25 ) 
1:(Z2 heavy) ,..., 1 
t(z2 light) 
Therefore, the success of the heavy-atom method rests on the 
[10] 
presence of an atom heavy enough to determine correctly the phases of 
a substantial number of structure factors with large -magnitudes. Finally 
the trial structure is obtained. 
One direct method known as MULTAN( 2S) which was developed by a 
York/Louvain group can be used to obtain a trial structure. This method 
is to determine the correct phases of an arbitrary number of structure 
factors using mathematical relationships. 
Reflections that are high in intensity have statistically a large 
number of electrons within the crystal contributing in the same phase 
to the structure factor. If enough phases of structure factors can be 
determined correctly, a Fourier synthesis will reveal sufficient atom 
positions to obtain a trial structure. 
Atoms are not point charges so the X-ray beam, when reflected, 
behaves as if it is not being reflected by all of the electrons in an 
atom. The exact amount is always 1ess than the nuntber of electrons in 
10 
the atom. Therefore intensity alone cannot be used as the criteria for 
the selection of reflections for phases determination. The amount of 
the electronic charge that the X-ray beam interacts with is known as the 
atomic scattering factor, and is a function of the r~flection angle. 
This factor falls off sharply with increasing incidence angle, and there-
fore the intensity of reflected ~-ray depends upon the reflection angle. 
The normalized structure factor, E, is developed to remove the 
angle dependency, and can 
following equation:( 27 ) 
jFhl
2 
N 2 
e:Efi(h) 
1 
be calculated for each reflection by the 
[ll] 
where IFhl is the structure factor magnitude, fi is the atomic scattering 
factor for ;.th atom in a unit cell containing N atoms, and e: is a · 
number which corrects for space group extinctions. 
The York/Louvain group found that the set of phases converges 
rapidly. with an appropriate weighting scheme and it is about 4 times 
·faster than using the unweighted formula, and under some circumstances, 
it will converge to the correct solution when the unweighted formula 
would fail to do so. The weighted tangent formula and weight formula 
are defined by:< 26 ) 
~Wh,Wh-h' IEh,Eh-h'lsin(¢h'+¢h:h') 
tan ¢ .:;.h_' ---:--:~--::.--;::------:;--;-:;--
n~ ~~h,Wh-h'jEh,Eh-h'jCos(~h,+~h-h') 
Th 
=-Bh [12] 
li 
and 
[13] 
They are applied to reflections in any convenient order and are always 
accepted with the indicated w~ight. Usually the initial weights for 
the starting set of phases are taken as unity. 
An absolute figure of merit, Mabs' is calculated for each set of 
phases in order to judge their relative plausibilities, and it is 
defined by: ( 26 ) 
Z - zrand = -=----=---
2exp - Zrand 
[14] 
where 
<ah2> d = ran 
and 
2 ~ 
I:<a.h> 
2 
d :t h ran 
Il(Khh"') 
1o(Khh"') 
Il(Khh ...... ) 
1o(Khh"'"') 
(For a detailed discussion of these formulae, consult references (26), 
(27), and (28)). 
For a set of phases with almost no self consistency the Mabs 
value will be zero. On the other hand for the correct set of phases 
Z - Zexp and hence Mabs is equal to unity. In fact, the co rect sets of 
phases usually have Mabs value in the range of 1.2 + 0.2. 
Once sets of figures of merit (8 sets for centrosymmetric structures 
and 64 sets for non-centrosymmetric ones) are obtained, usually the M b a s 
with the highest value is chosen to make the Fourier map. 
After the trial structure has been obtained, refinement of the 
structure starts. This is a routine step handled primarily by the 
computer program. This computer program will minimize the R factor, 
find the remaining atoms, calculate bond angles and distances, and 
determine standard deviations. 
SAMPLE PREPARATION 
12 
Dichloro-bis{bipyridyl) copper ·used in the structure determination 
was synthesized by Dr. William Jensen. For simplicity this compound 
will hereafter be designated compound 1. It was prepared by simply 
adding copper(II)chloride, bipyridine, and water, as solvent, together, 
and then the green crystals were obtained by slow evaporation of the 
solvent. 
N,N'-bis-cyclohexyl - 2,2,4,4-tetramethyl-cyclobutane-1,3-di-imine 
. was synthesi zed by Dr. James Worman and Dr. Edward Schmidt,( 29 ) and 
will be designated compound 2. Into a 250 ml flask fitted with a 
Dean-Stark trap, was placed 75g (0.58 mole) of 2,2,4,4-tetr methyl-1 ,3-
cyclobutanedione, 115g (1.16 mole) of cyclohexylamine, 6.25g of p-
toluenesulfonic acid, and 135ml of toluene. The mixture was refluxed 
and stirred for 23 hr. During this time 9.2ml of water was collected. 
This represented a 44% yield bisimine formation. On cooling the yellow 
solution gave a solid which was filtered with suction. The crude 
material was recrystallized from aqueous ethanol to give white needles, 
m.p. 150-151°, 35% yield. 
13 
The third compound, 1,3-dibromo-1,3-diphenyl-2-propanone was 
synthesized by Dr. Edwin Olson and Ranvir Jhanji, and will be designated 
compound 3. It was prepared by bromination of 1,3-diphenyl-2-propanone 
with the mole ratio of 2:1 in glacial acetic acid. The product mixture 
was then poured into water, and was treated with sodium sulfite. The 
slightly yellow mixture was separated into needle and plate forms by 
means of fractional crystallization from cyclohexane, and was also 
recrystallized in cyclohexane. The plates were used in the structure 
determination. 
EXPERIMENTAL 
Only compound '3 was investigated by Weissenberg techniques at 
.... 
South Dakota State University. The diffractometer data for all three 
compounds were collected at Iowa State University, Ames Laboratory. 
Weissenberg Film Data 
Both Weissenberg oscillation films and zero-level Weissenberg 
films were taken in order to determine the lattice constants and space 
group of the crystal. 
A single crystal was carefully chosen, and was aligned along one 
· of the direct crystal axes. The oscillation photograph was exposed by 
rotating the crystal 20° to either side of the central axis for 30 
minutes. The center row of reflections is composed of all reflections 
that have a Miller index of 0 relative to the axis of rotation. The 
first row on either side of the center row contains the reflections with 
the Miller indexes 1 and -1 respectively. The second rows are 2 and -2, 
35628S 
SOUTH DAKOTA STATE U IV ·RSITY liBRARY 
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etc. 
From this oscillation photograph, the lattice constant corresponding 
to the axis of rotation can be determined as well as the symmetry of that 
axis. A mirror plane present in the oscillation photograph indicates 
that the crystal belongs to the monoclinic class or one with higher 
symmetry. The absence of a mirror plane means that the crystal belongs 
to the monoclinic class or lower ones. 
Because the direct axis which is the axis of rotation is perpendi-
cular to the r.l o levels, and ~herefore the repeat distance, r, along 
this axis is given by:(JO) 
r =- n;\ 
sin[tan-1(Yn/R)] 
where R is the camera radius, n is the number corresponding to the 
number of the row from the center of the film, and Y0 is the distance 
from the zero row to the nth layer lines. The repeat distance, r, can 
be calculated as many times as there are pairs of vertical rows. The 
·various measured values can then be averaged together for a more 
accurate value. 
For convenience of identifying and labeling reflected X-ray spots 
on Weissenberg films, the rotation axis is identified as "b". (3l) 
Therefore the repeat distance, r, is the lattice constant b. 
The Weissenberg moving film technique is accomplished by the film 
moving simultaneously as the crystal is being rotated. Each exposure 
of this type represents a layer line, in which one Miller index is 
common to all reflections. Because the center row is the zero layer 
15 
line for the other two Miller indexes, the remaining layer lines are 
numbered outward consecutively. The moving film Weissenberg exposure 
takes considerably longer than that of the oscillation photograph. The 
zero-level Weissenberg photograph was expo'sed for 8 hours for compound 3. 
The two remaining unknown lattice constants can be calculated 
according to equation [16], (32 ) and all the data which is used in 
equation [16] is supplied by the zero layer Weissenberg moving film 
exposure. 
2Y 
dn = 2 sin( 4R~ x 57.30) [16] 
where 2 Yn is the distance between the corresponding reflections on the 
axial lines,. R is the camera radius, and n is the Miller index of the 
reflected spot. While n~l, dis the desired lattice constant. 
The camera is precisely made so that a crystal rotation 180° 
corresponds to a film-camera motion of 90 mm. Thus the distance between 
the points where the base line (zero layer line) intercepts the two 
axes can be measured. Therefore the angle, s, can be obtained by means 
of directly measuring the distance, and then this distance in mm 
multiplied by 2 is the value of the angle e in degrees. 
Data Reduction 
Intensity data collected from diffractometer constitute the raw 
data from which crystal structures are deri~ed. In many cases they 
represent all the information which will be obtained from physical 
measurements on the crystals. Data reduction is the process which takes 
the intensities and converts them to a corrected, more generally usable 
form. 
16 
To use the least-square computer program, for refinement, each 
reflection must contain the following data: Miller indexes, F
0
, oF
0
, or 
and {sine)/A. This data can be calculated by means of a data-reduction 
program, and then either punched on the computer cards or stored on the 
tape. 
The following equation, Lorentz-Polarization factor, is the core 
portion of the data-reduction process. 
[1 7] 
where· a is the incident angle. 
The term F
0 
was calculated from the following equation:(ll) 
F0 = ,J FOSQ [18] 
{ 18) 
where F = ~ and K, I, L, and P have the same meaning as in osq LP 
equation [4]. 
The standard deviation of a reflection was computed according to 
· the equation[ l9]:(lO) 
where CT and c8 represent total and background counts, and Kt is a 
counting factor. 
And the standard deviation of F0 , oF , was obtained from the 
0 
equation below:{JJ) 
[19] 
[20] 
where o
1 
is the standard deviation of the intensity, and the remaining 
terms have the same meaning as in equation [4]. 
COMPOUND 1 
Preliminary 
Crystals were grown by slow evaporation of the solvent until 
suitable crystals were obtained. A green well formed crystal was then 
chosen for the collection of the diffractometer data. 
17 
The space group P211n was deduced from systematic absences from the 
diffractometer data (Table 1) . The symmetry equivalent positions in the 
unit cell are: 1) X, Y, Z; 2) -x, · ~v, -Z; 3) ~-X, ~+Y, ~-Z; 
4) ~+X., ~Y, ~+Z. The calculated density indicates that the unit cell 
contains two molecules (1.253 g/cm3 assuming Z=2). The lattice constants 
0 0 0 
for compound 1 are: a=8.573A, b=l7.94A, c=7.286A, and e=ll0.98°. 
A total of 3,910 reflections were measured of which 1955 were above 
three estimated standard deviations of their intensity, F0~3crF. These 
1955 reflections were used to develop a trial structure. 
Solving the Structure 
One copper atom and two chlorine atoms were located from a 
Patterson map. Three nitrogen atoms and one carbon atom were located 
from a subsequent electron density map. Attempts to locate additional 
atoms were unsuccessful . The R factor at this point was 41%. 
Discussion 
The reasons why additional atoms could not be located are not 
known. Clearly the 41% R factor strongly suggests correct placement of 
the heavy atom. It is possible that the imposed center of symmetry of 
the copper atom is not carried through to the bipyridyl atoms and that 
Compound 
(hki) (Oki) 
1 h+k+R-=2n 1 * 
2 * * 
3 * * 
Table 1 
Conditions Li mi ting Possible Reflection 
Conditions Necessary to Observe Reflection 
(hOi) (hkO) 
h+R-=2n * 
h+R-=2n * 
h+R.=2n * 
(hOO) 
h=2n 
h=·2n 
h=2n . · 
(OkO) 
k=2n 
, k=2n 
k=2n 
(OOR.) 
R.=2n 
R.=2n 
R.=2n 
1 Reflections with h+k+if2n were either absent or weak relative to reflections where h+k+R.=2n. 
* No Conditions. 
~ 
co 
placement of the copper atoms does not correctly phase a sufficient 
number of structure factors to complete the trial structure. In any 
event a further development of the model was not attempted. 
COMPOUND 2 
Preliminary 
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Crystals of this substance were taken to Iowa State University and 
diffractometer data were taken there. The values for the lattice 
0 
constants obtained from the diffractometer data are: a=9.871(5)A, 
0 0 0 
b=l5.879(9)A, c=6.246(3)A, .and s=81.12(4) . (The numbers in parenthesis 
are the estimated standard deviations.) The space group, P211n, was 
determined from the systematic absences from the diffractometer data 
which are shown in Table 1. The symmetry equivalent positions in the 
unit cell are: 1) X, Y, Z; 2) -X, -Y, -Z; 3) ~-X, ~Y, ~-Z; 
4} ~+X, ~-Y, ~+Z. From density and unit cell volume calculations, two 
molecules were determined to be present per unit cell. The calculated 
density is 1.039 g/cm3. 
Diffractometer data yielded 2,360 reflections of which 1160 
satisfied the condition F >3oF which were counted as observed data, and a-
were used for the structure refinement. 
Solving the Structure 
First attempts to solve the structure by means of a superposition 
Patterson map from the intensity data failed. Then the MULTAN program 
was introduced and 8 sets of the Mabs values with a value larger than 1 
were obtained. The fifth and eighth sets had the highest Mabs values, 
20 
1.27, and therefore one of these two was chosen which was set number 8. 
Fourier synthesis calculation, using this set yielded 6 carbon atoms which 
belonged to one of the cyclohexane . rings. A few more atoms were located 
from electron density maps, and these atoms were then placed in the 
least-squares calculations which gave a R factor · of 0.678 from which 
the entire structure was resolved. 
Refinement of Structure 
Because the molecule is centric, . only one half of the molecule was 
refined . The refinement was started with isotropic thermal parameters 
and one cycle of block diagonal least-squares calculations, and R 
factor fell from 0.483 to 0.229. Finally, using the anisotropic 
thermal parameters, the structure was refined to give an R factor of 
0.153. After three more cycles, the R factor fell to 0.126 and Rw was 
0.172. 
The positions of all the hydrogens could have been determined with 
the aid of a different map, but the agreement of the R and Rw factors 
were unsatisfactory. This may be attributed to the poor resolution of 
the X-ray reflections which probably was caused by an unsuitable crystal. 
Thus a new set of diffractometer data is needed. 
An ORTEP program was used to prepare coordinates for a plot and 
therefore a molecular diagram of Compound 2 was plotted by ht.tnd 
according to these data and is shown in Figure 1. 
Discussion 
Although solution studies have indicated that various di-imines of 
the cyclobutanedione system exist in both cis- and trans- configurations(
34
), 
compound 2 in the crystalline state is trans, as established by the 
presence of an inversion center. The cyclobutane ring of this compou~d 
21 
is planar, as required by the crystal symmetry. The cyclohexane ring of 
this compound is in the chair form. A comparison of bond lengths in 
Table 5 indicates that within experimental error, the bond lengths of 
both imine compounds are the same. 
Summary 
Table 2 shows the final nonhydrogen atom positional parameters. 
Table ~ gives the thermal parameters of the nonhydrogen atoms. Bond 
lengths are shown in Table 4. Table 5 summarizes the cyclobutane ring 
* bond lengths for compound III and this compound. The carbon-nitrogen 
single bond as well as double bond lenghts of both compounds are also 
shown in Table 5. 
COMPOUND 3 
Preliminary 
The plate shaped crystal was carefully chosen and the di f fractometer 
data were collected at Iowa State University. The Weissenberg photo-
graphs were taken at South Dakota State University. 
The lattice parameters were determined by diffractometer data to be: 
0 0 0 
a=l3.357A, b=l9.031A, c=5.585A, and s=l00.157° and were also determined 
0 0 0 
by the Weissenberg film data to be: a=l3.40A, b=l9.24A, and c=5.88A. 
*N,N'-bis-P-Bromophenyl-2,2,4,4-tetramethylcyclobutane-1,3-di-imine is 
compound I I I. 
22 
Figure 1. Vfew of Compound 2. 
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Table 2 
0 
Bond lengths of Cyclobutane Compounds (Distances A) 
·Compound 2 Compound III 
C(8)-C(9) 1. 53 C{7}-C(8) 1.53{2) 
C(8)-C(9') 1.53 C(7)-C(8'} 1.53(2} 
C(8)-C(10) 1. 54 C(8}-C(l0) 1.52(2) 
C{8)-C(14) 1.56 C(8)-C{9} 1.55{1) 
C(9)-N 1.26 C(7)-N 1. 26 (2) . 
C(1}-N 1.46 C(4)-N 1 . 46 ( 1 ) 
Atom 
N 
C( 1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(8) 
C(9) 
C(l 0} 
C(14) 
Tab 1 e 3 
Positional Parameters of the Nonhydrogen Atoms 
(Xl04) for Compound 2 
X y 
5693 6320 
4835 7053 
4481 7477 
5627 7650 
4796 8466 
3650 8285 
4453 8889 
5985 4754 
5271 5608 
7324 4729 
3765 5545 
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z 
3717 
4363 
2354 
5639 
6232 
2972 
4158 
4127 
4436 
5114 
8288 
Atom 
N 
C( 1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(8) 
C(9) 
C(lO) 
C{14) 
Table 4 
Tempera ture Parameters ~f the Nonhydrogen Atoms 
{X104) for Compound 2 
111 25 398 8 -11 
118 22 344 -1 -41 
254 39 401 36 -142 
157 39 557 14 -124 
213 40 579 28 -151 
240 39 475 37 -131 
174 26 651 6 -37 
88 27 284 5 -17 
96 26 269 6 -30 
106 47 429 4 -76 
163 47 253 14 -11 
Factor expression is: 
exp (h2 s 11 +k 2 s22+~ 2 s33+2hks12+2h~s13+2k~s23 ). 
25 
6 
1 
- 9 
-42 
-62 
-17 
-10 
-2 
-5 
0 
-23 
26 
Table 5 
0 
Interatomic Distances (A ) for Compound 2 
. Atom 1 Atom 2 Distance 
C(1) C(2) 1. 51 
C( 1) C(3) 1. 53 
C(l) N 1. 46 
C(2) C(5) 1.54 
C(3) C(4) 1. 55 . 
C(4) C(6) 1. 54 
C(5) C(6) 1. 51 . 
C{B) C(9) 1.53 
C(B) C(lO) 1. 54 
C{8) C{14) 1. 56 
C{9) N 1. 26 
From the determination of the systematic absences of the diffractometer 
data, the crystal was found to belong to the P21;n space group. The · 
symmetry equivalent positions in the unit cell are: 1) X, Y, Z; 
2) -X, -Y, -Z; 3) ~;a-X, ~+Y, ~-Z; 4) ~+X, !z.Y, ~+Z. The calculated 
density indicates that the unit .cell contains four molecules (1.740 
g/cm3 assuming Z=4). 
A total of 4,062 reflections were collected of which 2,031 
reflections with F0~3crF were used in .the structure determination. 
Structure Solution 
Two independent bromine atoms were located from a Patterson map, 
and {he rest of the atoms were located from electron density maps. 
finally the structure was refined with anisotropic thermal parameters 
and one cycle of block diagonal least-squares calculations. The R 
factor was 0.111 with Rw = 0.136. 
~he computer program ORTEP was used to prepare coordinates for 
a plot, and a molecular diagram of compound 3 was made and is shown in 
Figure 2. 
Discussion 
The structure of compound 3 shows that it is the meso or R,~ 
isomer, and also shows that the conformation of the molecule apparently 
avoids 1,3-eclipsed interactions between the two bromines and between 
the bromine atoms and the benzene rings. 
The carbon-bromine bond distances iD the molecule are unequal and 
0 
longer than the normal carbon-bromine bond distance (-1.95A). The two 
27 
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0 0 
carbon-bromine bond distances are C(l)-Br(l)=2.007A and C(2)-Br(2)=1.990A. 
The unequal and lengthened bond di.stances are possibly caused by the · 
different extent of the interaction of the carbonyl group and the benzene 
rings with the two carbon-bromine bonds which have different torsion 
angles. 
The interaction of the carbon-bromine hybridized a*-bonding 
orbital with the carbon-oxygen hybridized ~ orbital as well as the 
w-cloud of the benzene rings will res~lt in increasing the electron 
density in the a*-binding orbital, and therefore will lengthen the 
carbon-bron1ine bond distance. The extent of the interaction is reflected 
in the torsion angles of the carbon-bromine bonds. The torsion angles 
are given in Table 10. 
Summary 
The positional parameters of the nonhydrogen atoms are given in 
Table 6. Table 7 shows temperature parameters of the nonhydrogen atoms. 
The interatomic distances and angles are given in Tables 8 and 9, 
respectively . 
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Br 2 --------:? 
0 
Figure 2. Vi ew of Compound 3. 
Atom 1 
0 
0 
C(l) 
C( 1) 
C(2) 
C(2) 
0 
0 
C(4) 
C(4) 
Br(2) 
Br(2) 
C(2) 
C( 11) 
C(2) 
C(7) 
Table 6 
Torsion Angles for Compound 3 (Degree) 
Atom 2 
C(4) 
C(4) 
C(4) 
C(4) 
C(4) 
C(4) 
C(4} 
C(4) 
C(2) 
C(2) 
C(2) 
C(2) 
C(3) 
C(3) 
, C(3) 
C(3) 
Atom 3 
C(2) 
C(2) 
C(2) 
C(2) 
C(l) 
C(l) 
C(l) 
C(l) 
C(3) 
C(3) 
C(3) 
C(3) 
C(7) 
C{7) 
C( 11) 
C( 11) 
Atom 4 
Br(2) 
C(3) 
Br(2) 
C(3) 
Br(l) 
C(6) 
Br(1) 
C(6) 
C(7) 
C( 11) 
C(7) 
C(ll) 
C{5) 
C(5) 
C(lO) 
C(l 0) 
Angle 
-49.5° 
71.9 
133.0 
-105.6 
-71.7 
168.9 
110.8 
-8.5 
-53.9 
128.5 
64 .7 
-112.8 
179.8 
-2.7 
178.9 
1. 3 
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Atom 1 
C(3) 
C(4) 
C(4) 
Br(l) 
Br(l) 
C(l) 
C(l3) 
C(1) 
C(12) 
C(7) 
C{15) 
C{l4) 
C{5) 
C{9) 
C(6) 
C(6} 
Atom 2 
C(7) 
C( 1) 
C( 1) 
C(l) 
C(l) 
C(6) 
C(6) 
C(6) 
C{6) 
C(5) 
C(8) 
C(8) 
C(9) 
C(lO) 
C(l2) 
C(l3) 
Table 6 (cont.) 
Atom 3 
C(5) 
C(6) 
C(6) 
C(6) 
C(6) 
C(12) 
C(12) 
C(13) 
C(13) 
C(9) 
C(l4) 
C(l5) 
C(l 0) 
C( 11) 
C{l4) 
C(l5) 
--
Atom 4 
C(9) 
C(12) 
C(13) 
C(12) 
C(l3) 
C(l4) 
C(14) 
C{15) 
C(15) 
C(l 0) 
C(12) 
C(l3) 
C( 11) 
C(3) 
C(8) 
C(8) 
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Angle 
2.6 
51.4 
-129~9 
-63.4 
115.2 
179.1 
0.5 
-179.2 
-0.5 
-1.0 
-0.6 
0.5 
-0.5 
0.3 
0.0 
0.0 
Atom 
Br(l) 
Br(2) 
0 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(1 0) 
C( 11) 
C(12) 
C(13) 
C(14) 
C(l5) 
Table 7 
Temperature Parameters of the Nonhydrogen Atoms 
(X104) for Compound 3 
39 32 610 -3 -12 
39 34 418 -1 20 
86 31 . 281 17 -1 8 
37 23 342 0 - 6 
51 23 261 -1 - 2 
44 21 244 12 5 
37 23 340 19 15 
64 40 462 -16 23 
42 20 317 -2 18 
41 34 388 -9 4 
58 33 509 3 21 
82 26 512 -6 79 
104· 25 580 -3 104 
78 21 336 5 31 
79 22 398 5 39 
45 27 452 4 -3 
87 29 525 15 30 
53 38 400 9 13 
----
Factor expression is: exp(h2a11
+k2a22+t
2a33+2hka12+2hta13+2kta23 ). 
32 
-39 
-8 
5 
-15 
12 
-6 
· 0 
- 31 
- 23 
- 3 
-28 
-28 
0 
6 
6 
-19 
-4 
-19 
33 
Table 8 
0 
Interatomic Distances(A) for Compound 3 
Atom 1 Atom 2 Distance 
C(4) C(2) ·1. 531 
C(4) 0 1. 210 
C{4) C{l) 1.535 
Br(l) C(-1 ) 2.007 
Br(2) C{2) 1. 990 
C{2) C(3) 1. 493 
C(3) C(7) 1.389 
C(3) C( 11) 1.377 
C(7) C(5) 1. 398 
C(l) C{6) 1. 491 
C{6) C(12) 1.426 
C{6) C(l3) 1.388 
C(5) C{9) 1. 398 
C(8) C(14) 1.409 
C(B) C(l5) 1.404 
C(9) C(lO) 1.375 
C(1 0) C( 11) 1. 395 
C{12) C(14) 1. 385 
C(13) C(l5) 1.380 
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Table 9 
Interatomic Angles (Degree) for Compound 3 
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom -3 Angle 
C(2) C(4) 0 122.6 C( 1) C(6) C(l2) 122.2 
C(2) C(4) C( 1) 114.6 C(1) C(6} C(13) 119. 1 
0 C(4) C( l) 122.8 C(12) C(6) C(13) 118.7 
C(4) C(2) Br(2) 1 06. 1 . C(7) C(5) C(9} 120.7 
C(4) C(2) C(3) 112.6 C(l4) C(8) C(l5} 120.6 
Br(2) C(2) C(3) 110.9 C{5) C(9} C(lO) 119.6 
C(2) C(3) C(7) 121.6 C(9} C(1 0) C{l 1} 119.6 
C(2) C(3) c ( 11) 118.6 C(3) C( 11) C(l 0} 121.3 
C(7} C{3) c ( 11) 119.7 C(6) C(l2) C(14) 119 .. 9 
C(3) C{7) C(S} 119. 1 C{6} C(13) C(l5) 122.3 
C(4) C( 1) Br(l) 101.7 C(8) C(14) C(12) 119.8 
C(4) c ( 1) C(6) 116.3 C(8) C(l5) C(13) 118.6 
Br(1) c ( 1) C{6) 109.9 
Atoms 
Br(l) 
Br(2) 
0 
C(1) 
C(2) 
C(3) 
C(4) · 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C{1 0) 
C( 11) 
C(l2) 
C(l3) 
C(14) 
C(l5) 
Table 10 
Positional Parameters of. the Nonhydrogen Atoms 
(Xl04) for Compound 3 
X y 
6153 -128 
5939 1447 
7898 549 
7578 239 
6897 1383 
7571 2014 
7494 700 
8882 2757 
8309 -359 
8268 2160 
9692 -1476 
8771 3218 
8060 3076 
7465 2472 
8296 -854 
9013 -448 
8983 -1405 
9704 -994 
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z 
-1692 
3171 
3480 
-778 
825 
1005 
1432 
3162 
-340 
3100 
304 
1184 
-855 
-932 
1573 
-1872 
1882 
-1595 
SUPPLEMENT 
Table 5 shows a comparison of bond lengths of the bis-cyclohexyl 
diimin~ and compound III. It is apparent that the bond lengths in 
both imines are the same within experimental error. 
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If the nitrogen 2P electrons (in compound III) are in resonance 
with the benzene ring, the carbon nitrogen bond length should be 
different from that of the biscyclohexyl diimine compound. Therefore 
the same bond length of the carbon nitrogen bond in both cases indicates 
that little if any conjugation occurs with the aromatic rings of 
compound III. 
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